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SUMMARY ///”“x

’|;b4l

Drop tests and aircraft tests were conducted
to =tudy the zero-g film boiling of liquid hydrogen.
Metal films deposited on microacope Rlides were
electrically heatcd in LI In the drop tests, the
threshold of tie trnns1t10n to film boiling occurred
between 12,500 and 18,000 BTU/HrFt< with a tempera=-
ture rise near 11 Fahrenheit degrees. The aircraft
tests roughlv rubstantiated this up to two seconds
of zero~-g, Bevond two seconds the data indicated a
slight decrease in both the temperature and heat
flux required to initiate the transition to film
boiling. The motion picture results from heated-
plate drop tests at well ahove the threshold heat
rates showed that one large bubble wam formed ale

most immediately, Figure 5 shows a photo onlargad
from the movie.

Y- .-.-41—._
AT

ther serice of tesis, the liquid was
discharged from a tube at Centaur settling veloc=-
ities against relatively warm surfaces (100 - 300°R).
See Figures 6 and 7. It was not repelled or appre-
ciahly agitated., Figure 8 shows the quenching curve
(i.e., heat flux versus temperature dxfference) for
such impingement.

o e+
e
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LH, FILM BOTLING

INTRODUCTION:

During the coast or orbital phase of a typical
Centaur Flight, the ligquid hydrogen will be in
a zero gravity field. Under such conditions
the liquid would wet the walls of an unheated
tank, leavine the ullage space in the center.
However, it 1is conceivable that, due to mechan-
ical or thermal effects, portions of the Centaur
tank walls will not be wetted. Upon the firing
of the rettling rockets the liquid hydrogen
could be brought into contact with a relatively
warm surface as the vehicle gains momentum.

It was considered poseible that the resultant
film boiling would repel the liguid from such

a surface, thus adding to the settling problem.
In order to investigate general liquid behavior
and film bgiljnc heat transfer during reduced
and zerov gravity, tests were conducted in a
U.S.A.F. KC~135 aircraft and with laboratory
arparatus. The KC-1353 was cavehle of attaining
s¢veral scconds of zeroveg while the drop tests
were limited to one second of zero-g. Details
concerning the flight tests may be found in
(Reference A).
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TEST OBJECTIVES:

The test objectives were as follows:

1)

2)

3)

4)

5)

The determination of the threshold of the
transition to film boiling during zero-g.

The verification of the existence of the
time dependency of film boiling in zero-g.

The determination of the hydrogen (liquid
and vapor) behavior during zero-g when a
surface is heated to temperatures where
film boiling occurs,

The determination of the zero-g behavior
of liquid hydrogen when brought into con-
tact with a relatively warm surface.

The determination of the transient film-
beiling heat transfer when the liquid is
impinged against a relatively warm surface
at the velocity expected during the initial
liquid to surface contact in the Centaur.

Note that for objective (4) a fixed quantity of
heat (determined by the specimen temperature, mass,
and specific heat) was supplied to the LH_, while
in (3) a fixed rate of heat (and hence a gependent
temperature) was used.
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TEST APPARATUS:

The drop test apparatus and the wall beiling
flight test capsule, described in Reference B,
were used to study the threshold of transition
to film boiling and its time dependency.

This drop test apparatus was also uscd to deter-
mine the liquid and vapor behavior during gzero-g
when a surface was suddenly heated tc temperaturcs
where film boiling would occur., This test speci-
men was a piece of 301 (extra full huard) stainless
steel, 0.010" thick with a heating surface of 2.0
s uare inches. It was ansulated on the under side,
The power supply was modified in order to supply
heating power to this low resistance specimen

(.04 .0ohms), The film hoiling was photcgraphed by
+ movion victure camera. MNo temperatirem were
measurcd, '

The tests for determining the liguid 'elhavior
upon contact with a relatively warm surface and
the heat transfer during the contact were con-
ducted with the relatively simple warm plate
impingement capsule, Figure 1. This capsule
consisted of a tubular frame which housed the
following components:

1) the 4.3 liter ‘dewar that contained the
LHZ, the percolator, and the heated
specimen;

2) the motion picture camera and lights; and

3) the timing lights.

(Continued)
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3.0 TFST AFPARATUS: (Cont)

3.3 (Cont)

The capsule was connected by a trailing wire to
the power suijly and Sanhorn recorder which were
g0lidly atteched to the aircraft. The effect of
the treailing wire on the capsule during zero-g
was cons) lered negligible for this test. The
-ligquid hyirocen was impinged against the epeci-
men by the rercolator, Figure 2., When the
resistetce erpting element within the reservoir -
of the jurciletor was enervized a hydrogen gas.
bubble vis freed. The. e¢xponxion of this bubble
forced +.¢ {7, out of the reservoir, through the
connectune tulie, and against the plate specimen
at velocities neur 1/2 ft/xec. At the end of a
zero=g tra cctoery, small holes located on the
top and béttem of the reservoir permitted LH
to refill the reservoir and &llow the residuél
gas te estape.  The specimen unider test was
located i/~ ibch above the percolator tube oute
. let neri.l to the impinging svream of LH_,
Both & thin stainless rteel srecimen and a copper
specimen vt e used to ottoin the required data,
The stainle = rteel specimen wars used to study
liquid be'.vier while the courer specimen was
used 1o c=tahlash tne trencient film boiling
i hoeat tyv w7 cr during the impincement, The
stainlesr steel specimen, Yirure 3, consisted
of a picce of 301 (extra full hard) stainless
steel, 0.010" thick and & inrter in diameter,
The matery: ! and gace of the specimen where
choren 1o match the representative tank wall
and Piklead waterials in the Centaur Vehicle.
The plite was heated by a rexistance heating
element «n.d its temperature was measured by
copper=-constantan thermacouples. The copper
plate specimen, Figure 4, consisted of 1.0 inch
diameter plate 3/16 inch thick. To reduce edge
I : ' effects, the 1.0 inch plate was insulated around
'its edrws with an epoxy resin and surrounded with
j‘ a two-inch diameter puard ring of copper. The
v copper plate and guard ring were also heated
v from the rear by a resistance heating element.
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PROCEDURE:

The procedure used with the wall boiling capsule
and the drop test apparatus was the same as that
described in Reference B. A manual '"panic rwitch"
was added to the wall boiling capsule to cut off
power if a .breakaway temperature rise occurred.
Motion picture coverage of the action within the
dewar was allthat was required for investigating
the. liquid and vapor behavior in fxlm boiling
(Test Objective 3). -

Prior to cunducting the flight tests with the
warm-plate impingement capsule, the following
minimum data requirements were ertablished for
each type of specimen: Two good trajectories at
temperstures of 300, 200, and 100°R, The liquid
velocity in each case was to be -about 1/2 ft/sec,

The initial {emperature of the plates was chosen
to cover the values that would be expected to
occur during a Centaur Flight., The velocity
chosen was one which would be typiecal during the
initial liquid to surface contact.

A typical temt mequence was as follows:
i} The Savh; w regopder was turned ony and
heat war supplied to the plate just prior
to entering the trajectory.

.2) Upon entering the trajectory, the plate
heat was turned off, and the camera and
liphts were turned on,

3) At the pilot's command, the capsule was
released, and the percolator was energized.

4) At the end of the maneuver, the capsule
was secured and prepared for the next
trajectory. :
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RESULTS AND DISCUSSION:

The recorded data (open vent only) from the one second
drop tests indicated that the transition to film boiling
occurred at heat fluxes between 12,500 and 18,000

BTU/Hr th.'ith a temperature rise near 1l Fahrenheit
degreea., The aircraft data (open and closed vent)
roughly substantiated this up to two seconds of zero-g.
Beyond 2 mseconds, the data indicated a alight decrease
in the temperature required to initiate the transition
to film boiling. See Figure 9., A similar, but even
less well defined trend in the heat flux required to
initiate film boiling is presented in Figure 10, (Note
that the reference temperature of the closed vent re-
sults was taken as the saturation temperature at the
dewar vapor pressure at the instant of the measurement,
No such correction was devised for the heat flux data),.

A review of the motion picture results was undertaken
to determine. (if posmible) the revason for this phenome
enon. The results of the review were as follows: -

1) During the aircraft open-vent tests a large
_ vapor bubble (posmibly part of the ullage space)
was secon in the vicinity of the heated specimen.
This bubble could have caused the breakaway rise
‘in temperature by enveloping the plate. The
photos were very poor.

[ &

Photos of the closed vent trajectories revealed
that the crowth of the single vapor bubble be-
came restricted by a baffle(l just prior to the
increase in temperature., After the bubble en~
trapment, vapor was seen in the form of a bubble
on the glass side of the specimen, indicating a
decrease in heat transfer from the metal face
(and an increased temperature). This brought to
mind the possibility of a geometry effect on heat
transfer. The magnitude of this effect could be
determined if a trajectory was flown without the
effect of the baffle; and this was done. The
data thus obtained were even lower than the baffle
data., This would tend to cast doubt upon the
geometry effect.

See Reference A.
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RESULTS AND DISCUSSION: (Cont)

S.1 (Cont)

5.2

5.3

5.4

In a farther attempt to gain a better understanding of
the problem, data was examined from the firat four
Aerobee teats conducted by the Lewis Research Center.
The burn out locations and times reported do not seem.
to be thermally consistent without postulating that the
geometric or mechanical conditions affect the thermal
picture.

The time dependency of film boiling in zero-~g is still
unresolved, OQur data is presented in Figures B and 9
for the reador to evaluate for himaself, Several apec~
ulationas on the caure of the time dependency have been
put forth by those who have worked closely on this pro-
Ject. We have rnot, however, been ahle to reduce any

of these apeculations to verifiable theory.

The motion picture results from the film boiling drop.
tests revealed that one large bubble formed almoat
immediately over the heated plate. Figure 3 is a
still photograph enlarged from the 16 MM film, To
allow for the poor resolution of the enlargement, s
sketch is presented to show more clearly the bubble
formation,

The motion picture results obtained from the warm

plate impingement tests revealed the liquid hydrogen

was not repelled or appreciably agitated when it im=-
pinged against a relatively warm surface (with a limited
heat content). In order to show that no.rejection of
the liquid occurs, a series of still photegraphs from
two typical trajectories are presented in Figures 6

and 7. Again sketches are included,
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RESULTS AND DISCUSSION: (Cont)

The film boiling heat transfer during the impinge-~
ment against the copper plate was determined in
accordance with the following assumptions:

1) Since the plate was guarded, the only tem-
perature gradient present was normal to the
exposed surface,

2) Since the thermal conductivity of copper was
high and plate was thin, the temperature
‘gradient through the plate was assumed neg-
ligible. '

In view of these assumptions the rate of heat loss
per unit area (heat flux) is:

qQ = MC dT
A dt

heat flux :

the mans of the plate

the specific heat of copper
the surface area '

the rate of change temperature
with time (Sanborn recording)

d

31-—;»0::.1
a4 mnan

Two trajectories were flown without the liquid bdeing
impinged upon the stainless steel plate. Irom this,
the heat flux to hydrogen gae was obtained. Theae
values were subtracted from the heat loss rate during
LH, impingement to allow for the heat lost from the
back of the plate to the gas. Figure 8 presents the
results, Also the zero-g nucleate~boiling heat~
transfer data from Reference B is included on Figure

8 for comparison, even though it is not strictly com-
parable with the impingement heat transfer data. The
nucleate boiling test started with liquid completely
surrounding the plate. The gas produced by the boiling
built-up as a bubble next to the plate ~- i.e., the
general liquid mass was held away from the plate. In
contrast, the impingement test started with gas sur-
rounding the plate, ‘and the boil-off could easily
escape into the ullage space with the liquid remaining
close. to the plate.
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